Endothelial-selective delivery of therapeutic agents, such as drugs or genes, would provide a useful tool for modifying vascular function in various disease states. A potential molecular target for such delivery is E-selectin, an endothelial-specific cell surface molecule expressed at sites of activation in vivo and inducible in cultured human umbilical vein endothelial cells (HUVEC) by treatment with cytokines such as recombinant human interleukin 1␤ (IL-1␤). Liposomes of various types (classical, sterically stabilized, cationic, pH-sensitive), each conjugated with mAb H18͞7, a murine monoclonal antibody that recognizes the extracellular domain of E-selectin, bound selectively and specifically to IL-1␤-activated HUVEC at levels up to 275-fold higher than to unactivated HUVEC. E-selectin-targeted immunoliposomes appeared in acidic, perinuclear vesicles 2-4 hr after binding to the cell surface, consistent with internalization via the endosome͞lysosome pathway. Activated HUVEC incubated with E-selectin-targeted immunoliposomes, loaded with the cytotoxic agent doxorubicin, exhibited significantly decreased cell survival, whereas unactivated HUVEC were unaffected by such treatment. These results demonstrate the feasibility of exploiting cell surface activation markers for the endothelial-selective delivery of biologically active agents via immunoliposomes. Application of this targeting approach in vivo may lead to novel therapeutic strategies in the treatment of cardiovascular disease.
The endothelial lining of the cardiovascular system undergoes phenotypic modulation to an activated state in acute and chronic inflammation, injury and repair, angiogenesis, and atherogenesis (1) . This localized process of endothelial activation is marked, in part, by increased cell surface expression of different types of adhesive glycoproteins, including Eselectin (ELAM-1), vascular cell adhesion molecule 1 (VCAM-1), and intercellular adhesion molecule 1 (ICAM-1) (2) . Immunohistochemical studies in humans and animals have demonstrated characteristic spatial and temporal patterns of expression of these molecules in different pathophysiologic settings (3) (4) (5) . Cultured human umbilical vein endothelial cells (HUVEC) activated by pro-inflammatory stimuli, such as the cytokine interleukin 1␤ (IL-1␤), also show increased expression of ELAM-1, VCAM-1, and ICAM-1 in temporally wellcharacterized patterns, thus providing a useful in vitro model system for cell biological studies (6, 7) .
Of these molecular markers, ELAM-1 exhibits the most distinct activation-dependent and endothelial-selective pattern of expression. In vivo ELAM-1 is not detectable in normal vessels, but in response to local inflammatory stimuli appears rapidly in endothelial cells (EC) in spatially circumscribed patterns (2, 3) . Cultured HUVEC exhibit a similar pattern of inducible expression; whereas ELAM-1 is not detectable on unactivated cells, treatment with inflammatory cytokines results in abundant cell surface expression in 4-6 hr (7). Because of its highly activation-dependent pattern of induction, ELAM-1 may provide a useful molecular target for the site-specific delivery of agents to distinct regions within the cardiovascular system. Previous studies in this laboratory have demonstrated that hirudin, a potent thrombin inhibitor, can be selectively targeted to activated HUVEC by conjugation to the anti-ELAM-1 murine mAb H18͞7, resulting in efficient antagonism of both cell surface and intracellular thrombinmediated events (8) .
Targeted liposomes [lipid vesicles bearing covalently conjugated mAb (immunoliposomes) or another targeting moiety (e.g., a specific peptide or lipid)] have several advantages over simple mAb-drug conjugates for specific drug delivery (9) (10) (11) . Liposomes can contain a wide variety of both hydrophilic and hydrophobic diagnostic or therapeutic agents, provide a larger drug payload per particle, protect encapsulated agents from metabolic processes, and allow a high degree of cooperative binding to target cell antigens. In addition, the lipid composition of the bilayer can be modified to obtain other desirable properties, including prolonged circulatory half-life, the ability to complex with nucleic acids to mediate gene delivery or genetic regulation, and the capacity to deliver encapsulated contents to the cytosol through the endosome͞lysosome pathway (12) (13) (14) . Classical liposomes, having a lipid composition closely resembling the outer monolayer of the plasma membrane, do not destabilize under physiological conditions, but are rapidly cleared from the peripheral circulation by the reticuloendothelial system. Sterically stabilized liposomes contain lipids that provide a steric barrier to opsonization and eventual uptake by the reticuloendothelial system, and thus have a prolonged circulatory half-life. Cationic liposomes contain a lipid that is cationic under physiological conditions and are capable of condensing and carrying relatively large amounts of nucleic acid for delivery to target cells. Finally, pH-sensitive liposomes are composed of lipids that form a stable lipid bilayer at neutral or basic pH but destabilize at acidic pH. Liposome destabilization in an acidifying endosome may facilitate the delivery of liposomal contents to the target cell cytosol.
In this study, we explore the potential of using immunoliposomes of various chemical compositions, each targeted to ELAM-1, to deliver both fluorescent probes and toxic compounds to intracellular compartments of cultured HUVEC in an activation-dependent manner. Our results establish the feasibility of this strategy for EC-selective targeting, and suggest that this approach may be useful for the site-selective delivery of drugs, genes, and other agents within the cardiovascular system.
MATERIALS AND METHODS
Cell Culture. HUVEC were isolated as described (15) and cultured in medium 199 (BioWhitaker) supplemented with 20% fetal calf serum (Summit Biotechnologies, Ft. Collins, CO), 2 mM L-glutamine, 100 mg͞ml heparin (grade 1; Sigma), 50 mg͞ml endothelial mitogen (Biomedical Technologies, Stoughton, MA), and penicillin͞streptomycin. Passage 2 cells were plated on 6-and 96-well culture plates coated with 1.0% gelatin, for liposome binding and doxorubicin delivery studies, or on 0.1% gelatin-coated glass coverslips for microscopy, and used at 70-100% confluency unless stated otherwise.
Immunoassay of Cell Surface ELAM-1 Expression. HUVEC cultured in 96-well plates were activated with recombinant human IL-1␤ (10 units͞ml; Biogen), or sham-treated for 0-24 hr at 37°C, and cell surface ELAM-1 protein was measured in a two-step immunobinding assay, utilizing a saturating concentration of murine mAb H18͞7 (20 g͞ml) and a fluorescein isothiocyanate-conjugated goat anti-murine antibody (15 g͞ml; Caltag, Burlingame, CA), in a fluorescent plate reader, as described (7) .
Liposome Preparation. Dioleoylphosphatidylcholine (DOPC), dioleoyl-phosphatidylethanolamine (DOPE), dioleoylphosphatidylethanolamine-N-[4-(maleimidophenyl) butyrate] (MPB-PE), disteroylphosphatidylethanolaminepolyethylene glycol-2000 (PEG), and cholesterol were purchased from Avanti Polar Lipids; cholesteryl hemisuccinate (CHEMS) from Sigma; cholesteryl 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoate (Chol-BODIPY), 8-hydroxypyrene-1,3,6-trisulfonate (HPTS), and p-xylene-bispyridinium bromide (DPX) from Molecular Probes; polycarbonate membranes from Poretics (Livermore, CA); and extruders from Avestin (Ottawa, Canada).
Liposomes were prepared essentially as described (16) . Briefly, lipids in chloroform were combined at the following ratios: classical liposomes, 62.5:35:2.5 mol% DOPC͞Chol͞MPB-PE; sterically stabilized liposomes, 57.5:35:5:2.5 mol% DOPC͞Chol͞ PEG͞MPB-PE; cationic liposomes, 20:27.5:50:2.5 mol% DOTAP͞DOPC͞DOPE͞MPB-PE; pH-sensitive liposomes, 65.4:32.1:2.5 mol% DOPE͞CHEMS͞MPB-PE. Liposomes used in binding studies were intrinsically labeled with 0.5-1.0 mol% Chol-BODIPY. Chloroform was removed under an argon stream and the lipids were lyophilized from spectral grade cyclohexane. The lipid mixtures were hydrated in 10 mM Hepes, 150 mM NaCl, and 0.1 mM EDTA (HBSE buffer) for binding studies, or in either 2 mM Hepes, 40 mM HPTS, 40 mM NaCl, and 0.1 mM EDTA or 2 mM Hepes, 40 mM HPTS, 40 mM DPX, and 0.1 mM EDTA for internalization studies. All hydrating solutions were prepared at pH 7.5 and Ϸ290 mmol͞kg osmolality. Hydrated lipids were frozen and thawed four times, then extruded for 15 cycles through two stacked 0.08 m polycarbonate membranes using a hand-held extruder. Liposome diameter was determined by quasi-elastic light scattering with an N4 Plus Submicron Particle Sizer (Coulter), and ranged from 80 to 180 nm.
Antibody Conjugation. Murine mAb H18͞7, an IgG2␣ antibody that recognizes the extracellular portion of human ELAM-1 and does not crossreact with other selectins (7), and murine mAb Rb1͞9, an IgG1 antibody to rabbit VCAM-1 that does not crossreact with human VCAM-1 or other HUVEC antigens (4), were purified from hybridoma ascites. Purified murine pooled serum IgG2␣ was purchased from Chemicon).
Antibodies were chemically modified as described (17) . Purified immunoglobulins were incubated with succinimidyl-S-acetylthioacetate (SATA) [solubilized in dimethylformamide at 1:10 mol and 100:1 volume ratios (antibody͞SATA)] for 30 min at room temperature, dialyzed against 50-100 volumes of HBSE buffer (two changes), deacetylated with a 10% (vol͞vol) addition of 50 mM sodium phosphate, 25 mM EDTA, and 0.5 M hydroxylamine (pH 7.5) for 2 hr, and then immediately added to liposomes. The liposome͞antibody mixture was gently shaken at 4°C overnight, and immunoliposomes were separated from free antibody and deacetylation solution by chromatography (Sepharose CL-4B; 1 ϫ 20 cm; HBSE buffer). Lipid mass was determined by phosphate assay (18, 19) or from intrinsic fluorescent label content; protein content was quantified by SDS͞PAGE. The estimated antibody molecules per liposome ranged from 35 to 120, and were comparable among different immunoliposome types in a given experiment.
Preparation of Doxorubicin-Loaded Liposomes. pHsensitive liposomes were prepared as above, with the following modifications. Lipids were hydrated in 120 mM ammonium sulfate. After extrusion, liposomes were desalted in HBSE buffer by chromatography on Sepharose CL-4B, loaded with doxorubicin HCl (50-200 g͞ml, 98% pure; Sigma) as described (20, 21) , and then conjugated with antibody. Doxorubicin concentration was determined spectrofluorometrically (ex. 470 nm; em. 590 nm), and lipid concentration by phosphate assay. Liposomes more than 1 week old were rechromatographed to rule out doxorubicin leakage prior to use in cell culture.
Liposome Binding Assay. Activated (IL-1␤, 10 units͞ml, 4 hr, 37°C) or unactivated (sham-treated) HUVEC monolayers were incubated with fluorescently labeled liposomes (100 M lipid) for 2 hr on ice, washed four times with fresh medium, detached with a trypsin͞versene mixture (BioWhitaker), pelleted, and resuspended in fresh medium. Liposome binding was analyzed by flow cytometry (488 nm excitation, 520 nm bandpass͞cutoff; Coulter EPICS Flow Cytometer). For competitive inhibition experiments, activated HUVEC were incubated with a saturating concentration of free mAb (50 mg͞ml) for 30 min prior to incubation with liposomes. The mean fluorescence intensity (fluorescence per cell, in arbitrary units; MFI) of aliquots of 10 ϫ 10 3 cells was determined for each incubation condition.
Intravital Microscopy of Immunoliposome Fate. Activated and sham-treated HUVEC monolayers, on glass coverslips, were incubated for 1 hr on ice with classical or pH-sensitive liposomes (40 M lipid) bearing mAb H18͞7, mAb Rb1͞9, or no mAb, and loaded with HPTS, a membrane-impermeant, pH-dependent fluorophore (22, 23) ; the coverslips were washed four times with fresh medium at 37°C and examined by phase contrast and fluorescence microscopy with a Zeiss inverted microscope, equipped with an image analysis system (Universal Imaging, West Chester, PA) (24) . Liposomes loaded with both HPTS and DPX were used in some studies.
Incubation of HUVEC with Doxorubicin-Loaded Liposomes. Comparable amounts of doxorubicin (6 nmol͞well; 1.5 ml volume), either in free solution or encapsulated in pHsensitive liposomes bearing mAb H18͞7, mAb Rb1͞9, or no mAb, were added to activated or sham-treated HUVEC plated at subconfluent (20-50%) or confluent densities. After incubation for 17-22 hr at 37°C, the supernatant was removed, the monolayers washed, and fresh culture medium added. The number of adherent (viable) cells per well was determined at various times after initial drug exposure by resuspension in trypsin-EDTA and direct microscopic counting in a hemocytometer and͞or by flow cytometry.
RESULTS
ELAM-1-Targeted Immunoliposome Binding to HUVEC Is Activation-Dependent and Immunospecific. Consistent with previously published data (6), unactivated HUVEC monolayers displayed essentially undetectable levels of ELAM-1 protein at the cell surface, as determined by mAb H18͞7 binding. Upon stimulation with IL-1␤, ELAM-1 expression was rapidly up-regulated, with maximal surface protein levels observed at 4-6 hr, followed by a decline toward baseline by 24 hr (Fig. 1) .
Fluorescently labeled classical, sterically stabilized, cationic, and pH-sensitive immunoliposomes, each bearing the mAb H18͞7 (L-H18͞7), bound to activated HUVEC at levels 13-to 275-fold higher than to unactivated HUVEC ( Fig. 2 ; Table 1 ). Classical L-H18͞7 displayed the highest ratio of activationdependent binding (275:1, activated͞unactivated), whereas cationic L-H18͞7 showed the lowest ratio (13:1). Classical and sterically stabilized L-H18͞7 both showed negligible binding (MFIs Ͻ Ͻ 1.0) to unactivated HUVEC ( Fig. 2 A and B) . In contrast, cationic and pH-sensitive L-H18͞7 bound to unactivated HUVEC at low but detectable levels (MFIs of approximately 5.0 and 1.7, respectively) ( Fig. 2 C and D) .
To test the molecular target specificity of immunoliposome binding to activated HUVEC, parallel studies were conducted with classical, sterically stabilized, cationic and pH-sensitive immunoliposomes bearing mAb Rb1͞9 (L-Rb1͞9), a murine mAb that does not recognize antigens on unactivated or activated HUVEC. Each type of L-Rb1͞9 bound comparably, at negligible to low levels, to both activated and unactivated HUVEC ( Fig. 3 ; Table 1 ). Liposomes of each type bearing no mAb also bound at negligible levels (Fig. 3) , as did liposomes bearing purified murine serum IgG2␣, the same immunoglobulin isotype as anti-ELAM-1 mAb H18͞7 (data not shown). To confirm that immunoliposome binding was target antigenspecific, activated HUVEC monolayers were pretreated for 30 min with a saturating concentration of free mAb H18͞7. For classical, sterically stabilized, and pH-sensitive L-H18͞7, this pretreatment abrogated activation-dependent binding to HUVEC (Fig. 3 A, B, and D) . In the case of cationic L-H18͞7, a significant degree of residual binding (Ϸ33%) was observed, possibly reflecting the propensity of these charged particles for nonspecific interactions with proteins (such as free mAb) or components of the activated HUVEC surface.
ELAM-1-Targeted Immunoliposomes Are Internalized via an Endocytic Pathway.
To trace the fate of immunoliposomes during their interaction with activated HUVEC, classical and pH-sensitive L-H18͞7 were loaded with HPTS, a membraneimpermeant, pH-dependent fluorophore, that emits maximally (em ϭ 510 nm) at excitation wavelengths of Ϸ405 nm at acidic pH and Ϸ440 nm at neutral pH. Comparing the relative emission intensities at these two excitation wavelengths thus reveals whether the dye is in an acidic or neutral environment (22, 23) . After incubating classical, HPTS-loaded L-H18͞7 with activated HUVEC for 1 hr on ice and then rinsing, a diffuse pattern of fluorescence was visible at ex ϭ 440 nm (neutral pH maximum), presumably indicating a large number of cell surface-bound immuno-liposomes (Fig. 4A) . Two hours after warming the cells to 37°C, a significant amount of HPTS dye appeared as punctate spots, which had significant fluorescence at ex ϭ 405 nm, consistent with intracellular uptake into early and late endosomes (Fig. 4B) . At the same time, some HPTS dye was still visualized in a diffuse pattern at neutral pH. Four hours after warming to 37°C, most of the HPTS dye appeared ex ϭ 405 nm (low pH maximum) in punctate, perinuclear bodies, suggesting that immunoliposomal entrapment and͞or degradation was occurring in lysosomes (Fig. 4C) . Little HPTS dye was detectable at ex ϭ 440 nm (neutral pH) at this time.
When activated HUVEC were treated with NH 4 Cl, which elevates the pH of endocytic compartments, HPTS dye delivered by classical L-H18͞7 appeared in large, round, neutral compartments up to 4 hr after incubation at 37°C (data not shown). HPTS-loaded, classical L-H18͞7 incubated with unactivated HUVEC showed no detectable surface binding or dye delivery (Fig. 4D) . Similar results were obtained for classical or pH-sensitive L-Rb1͞9 and unconjugated control liposomes incubated with activated HUVEC, and for classical L-H18͞7 incubated with activated HUVEC pretreated with excess mAb H18͞7 (data not shown).
Recent reports suggest that pH-sensitive liposomes can enhance the delivery of encapsulated agents to the cytosol of certain cell types (13, 14) . To determine whether this was the case in this cultured endothelium model system, we conducted studies similar to those above, using HPTS-loaded, pHsensitive L-H18͞7. As was the case with classical L-H18͞7, HPTS dye delivered by pH-sensitive L-H18͞7 was detectable primarily at an excitation wavelength of 405 nm (low pH maximum) in the perinuclear vesicles of targeted HUVEC 4-9 hr after warming to 37°C. In control experiments, free HPTS microinjected directly into the cytosol of activated HUVEC accumulated in the cell nucleus within 15 min and fluoresced brightly at 440 nm excitation (data not shown). In contrast, the HPTS dye delivered to activated HUVEC by either classical or pH-sensitive L-H18͞7 showed no appreciable nuclear accumulation.
To determine whether classical or pH-sensitive L-H18͞7 underwent significant degradation and͞or leakage of their contents during the process of internalization, we conducted studies, utilizing L-H18͞7 loaded with both HPTS and DPX (a concentration-dependent, diffusible fluorescence quenching agent) (22, 24) . Neither classical nor pH-sensitive L-H18͞7 showed evidence of detectable dye leakage when bound at the cell surface. Degradation of both types of liposomes was first evident at 2-4 hr and appeared to be occurring in slightly acidic intracellular compartments (as indicated by comparable HPTS fluorescence at ex ϭ 405 nm and 440 nm). Maximal HPTS fluorescence was observed after 4-9 hr incubation at 37°C. Doxorubicin-Loaded, ELAM-1-Targeted Immunoliposomes Reduce HUVEC Survival in an Activation-Dependent, Immunospecific Manner. Doxorubicin is a membrane-perturbing, DNA-intercalating agent that can mediate a variety of cytotoxic actions on target cells (25, 26) . We compared the effects of equivalent doses of doxorubicin (4 M), added to subconfluent (actively growing) and confluent HUVEC monolayers, as either the free compound or encapsulated in pH-sensitive liposomes conjugated with mAb H18͞7 (Fig. 5) . Free doxorubicin significantly inhibited cell replication in actively growing, subconfluent, IL-1␤-activated HUVEC cultures (Fig. 5A) , essentially blocking viable cell number increase over a 72-hr interval (Ͼ3.3-fold fewer cells relative to control medium, P Ͻ 0.003). This cytostatic effect was independent of HUVEC activation state (data not shown). In contrast, pH-sensitive L-H18͞7 loaded with a comparable amount of doxorubicin induced a marked decrease in cell viability over the same 72-hr interval (32-fold decrease relative to control medium, P Ͻ 0.002; 9.4-fold decrease relative to free doxorubicin, P Ͻ 0.001). However, the same immunoliposome preparation incubated with unactivated, subconfluent HUVEC resulted in neither cytostatic nor cytotoxic effects (94% cell survival, relative to control medium). Nontargeted, unconjugated, or conjugated with mAb Rb1͞9 pH-sensitive liposomes loaded with doxorubicin, as well as ELAM-1-targeted liposomes not loaded with doxorubicin, failed to have any significant cytostatic or cytotoxic effect on activated or unactivated subconfluent HUVEC ( Fig. 5A ; data not shown). In HUVEC monolayers plated at confluency (Fig. 5B) , free doxorubicin had a less dramatic effect on cell viability (70% cell survival relative to control medium). In contrast, ELAM-1 targeting of doxorubicin-loaded pH-sensitive liposomes resulted in a marked decrease in cell survival (8.25-fold decrease relative to control medium, P Ͻ 0.0005; 5.8-fold decrease relative to free doxorubicin, P Ͻ 0.0005). Unactivated confluent HUVEC monolayers incubated with doxorubicin-loaded liposomes conjugated with mAb H18͞7 showed negligible loss of cell viability (86% cell survival; Fig. 5B ). As was observed with subconfluent HUVEC, nontargeted doxorubicin-loaded, pH-sensitive liposomes (unconjugated or conjugated with mAb Rb1͞9), as well as ELAM-1-targeted liposomes not loaded with doxorubicin, did not mediate any consistent cytostatic or cytotoxic effects on activated HUVEC ( Fig. 5B ; data not shown).
DISCUSSION
In this study, we demonstrate the feasibility of selectively targeting immunoliposomes and their contents to vascular EC based on a defined cell surface molecular marker of activation. Various types of immunoliposomes, each bearing the anti-ELAM-1 mAb H18͞7, bound to activated cultured HUVEC at levels 13-to 275-fold higher than to unactivated HUVEC. In our in vitro experimental model system, this marked differential selectivity reflects the strictly activation-dependent pattern induced by a recombinant cytokine stimulus, IL-1␤ (7). In the in vivo setting, ELAM-1 expression also appears to be highly regulated, both temporally and spatially, and is associated primarily with inflammatory and immune processes (2, 3, 5) and also certain noninflammatory angiogenic states (27) . In addition, ELAM-1 expression appears to be restricted to vascular endothelium, thus providing an endothelial-specific marker. In contrast, other cell surface molecules, such as ICAM-1, are constitutively expressed on both quiescent vascular endothelium and other cell types. A recent in vitro study demonstrated immunoliposome targeting to ICAM-1-expressing cells in culture, such as bronchial epithelium and endothelium, at significantly higher lipid concentrations than used in the present study (28) . Given its endothelial specificity and marked inducibility, ELAM-1 may provide a more practical molecular target for in vivo applications in the cardiovascular system.
The variations in binding to activated and unactivated HUVEC observed with the different types of immunoliposomes most likely reflect their differing lipid compositions. Classical ELAM-1-targeted immunoliposomes bound to activated cells at relatively high levels and showed negligible nonspecific binding to unactivated cells. The sterically stabilized liposomes used in this study contain a polyethylene glycol-modified lipid intended to sterically hinder opsonization and phagocytosis by the reticuloendothelial system (29) . Such liposomes exhibit a dramatically prolonged circulatory half-life in vivo (30) . This modified lipid may also have sterically hindered antibody-mediated binding to HUVEC. ELAM-1-targeted, sterically stabilized liposome binding to activated HUVEC was consistently lower than classical immunoliposome binding. However, the extremely low levels of nonspecific binding of these sterically stabilized liposomes resulted in a 145-fold activation-dependent binding ratio. The cationic immunoliposomes had a relatively high level of nonspecific binding due to interactions with the anionic cell surface, as reported previously (14) . Finally, ELAM-1-targeted pHsensitive liposomes did not exhibit as high an activationdependent binding ratio as classical or sterically stabilized liposomes. This primarily reflects their higher nonspecific binding to unactivated HUVEC. The reasons for this are unclear, but might reflect the propensity of pH-sensitive liposomes to coalesce, perhaps as a result of their relatively high phosphatidylethanolamine content. Despite these differences, each formulation of immunoliposome tested showed activation-dependent, antigen-specific targeting, and therefore may have potential application in vivo.
Previous studies have demonstrated that liposomes bound to the cell surface are often internalized, via an endocytic pathway, into lysosomes (31) . Using a pH-dependent, membraneimpermeant fluorophore (HPTS) as a fluid phase marker of liposomal contents, we observed that both classical and pHsensitive immuno-liposomes were internalized by activated HUVEC via an endocytic pathway, and that their contents were delivered primarily to acidifying endosomes and lysosomes. This is in agreement with previous studies in which very little liposome-encapsulated material was found in endocytic vesicles (13, 14, 22, 23, (31) (32) (33) . However, these morphological studies do not preclude the possibility that some liposomal content was delivered into cytosolic or nuclear compartments. Interestingly, the kinetics of this uptake process in cultured EC appeared to be quite slow compared with other cell types (e.g., macrophages, tumor cell lines) in culture (22) (23) (24) (31) (32) (33) (34) .
To extend these studies to a biological end-point, we exposed both activated and unactivated HUVEC to comparable amounts of doxorubicin, a potent cytotoxic agent, either free in culture medium or encapsulated in immunoliposomes. Doxorubicin-loaded L-H18͞7 efficiently targeted activated HUVEC, resulting in significant cytostatic and͞or cytotoxic effects. Under conditions where free doxorubicin had a marked cytostatic action (in actively growing, subconfluent cultures), encapsulation of doxorubicin in nontargeted liposomes had a protective effect. Conversely, encapsulation of doxorubicin in targeted (H18͞7-bearing) pH-sensitive liposomes increased cytotoxicity significantly. This increased efficacy presumably indicates immunoliposome-mediated drug uptake into HUVEC. Although we have not explored the details of this increased drug delivery, it is likely that uptake is occurring into various intracellular compartments, including the nucleus. These results with doxorubicin-loaded immunoliposomes illustrate the potential for simultaneously protecting nontargeted cells from a toxic drug while enhancing its action on a targeted cell population.
Inducible cell surface glycoproteins in addition to ELAM-1 can serve as markers of the activated and͞or dysfunctional endothelial phenotype. For example, detailed studies in experimental animal models have revealed that the expression of VCAM-1 (ATHERO-ELAM, atherosclerosis associated-ELAM) is among the earliest detectable molecular changes in EC in the vicinity of a developing atheromatous plaque (4). Radiolabeled mAb directed against rabbit VCAM-1, infused into Watanabe (low density lipoprotein-receptor-deficient, atherosclerosis-prone) rabbits localize selectively and specifically (compared with isotypic matched, nonbinding control mAb) at sites of early lesion formation (M.I.C. and M.A.G., unpublished observations). Thus, VCAM-1, or an analogous human ATHERO-ELAM, would be a potential molecular target for immunoliposomal intervention in atherosclerosis. In addition to activation-dependent phenotypic markers, there is increasing evidence that EC in different regions of the vasculature can be distinguished by the constitutive expression of tissue-specific cell surface antigens (35) . A previous study demonstrated selective immunoliposome binding to pulmonary EC and lung targeting in vivo (36) . Recent reports have also described the selective expression of certain integrin receptors by the EC in tumor vessels and other neovascular disease settings (37, 38) . Strategies to recognize and exploit such markers for selective liposomal targeting purposes need not be limited to monoclonal antibodies but might also involve cognate ligands (39) , and conceivably could encompass gene delivery (40) .
In conclusion, vascular endothelium serves as an extensive interface between circulating blood and various tissues and organs of the body. As such, it offers an accessible target for blood-borne pharmacological and genetic manipulations that can mediate both local and systemic effects. Thus, immunotargeting of liposomes to activated vascular EC may provide a strategy for site-selective delivery in the cardiovascular system with broad therapeutic applicability.
